The collapse of the historic Plaka Stone Bridge due to extreme flooding and in particular the pinpointing of the causes or possibly weak structural points that led to the structural failure is studied using high fidelity, three-dimensional non-linear numerical analysis and sensitivity studies. Specifically, the potential of a number of postulated scenarios in initiating failure and leading to the eventual collapse of the bridge are explored aided by sensitivity analyses relying on non-linear finite element modelling and is augmented by actual material properties of the structural elements deduced from laboratory tests following the collapse (i.e. stone and mortar). Presented in detail is the scenario which appears to closely replicate the mode of actual bridge failure observed (damage extend and debris distribution) and deemed by the authors to be most likely sequence of events that occurred. This scenario postulates the undermining of the central pier by support or shear section failure leading to large deformation and displacements on the lower part of the pier eventually leading to shear failure of the primary arch. Based on the failure mode predicted by simulation and corroborated with observed damage the vulnerability of the Plaka Bridge to this "beyond design basis event" even for an uncompromised structure is assessed by asking the question whether any preventive maintenance and upkeep could have saved this particular bridge or that its collapse was beyond human intervention.
Introduction
Masonry arch bridges are an integral component of the heritage of cultures worldwide reflecting unique engineering techniques developed over the centuries starting from the Roman period and often characterizing the particular region where they are located. Variations in style and construction materials used, typically mortar and stone, help break down larger provinces into even smaller geographical regions, often groups of villages, which over the centuries adopted own unique styles depending on availability and access to construction materials. While in Roman times, for example, grand multi-arch bridges with economic and strategic importance were constructed under the orders of the empire, in rural, isolated communities, masonry stone bridges were constructed to serve local communities by utilizing construction materials from the immediate vicinity and therefore allowing the construction techniques to evolve and adopt to the quality of the available raw materials.
Plaka Bridge is an example of a bridge style developed in the Epirus province of north-western Greece, a mountainous region across with hundreds of stone bridges throughout of various styles representing localities and influenced by the availability of stone material. The bridge is at juncture of two renowned regions of stone construction known as Mastorohoria (villages of the stone masters) where magnificent stone structures were constructed with even poor stone quality and mortar and Zagori, a region rich in stone bridges constructed with higher quality and uniformity stone and mortar material. The Plaka Bridge, build in 1860s is influenced by both regions.
Because of age, neglect and compounded with often poor quality restoration works that were performed on these important monuments over the years, there is an urgent need to evaluate their current structural health state, identify structural degradation and locations of distress and perform appropriate restoration based on sound engineering assessment.
The recent collapse of the historic, renowned stone arch bridge of Plaka from extreme flooding and debris [1] , [2] prompting questions of either (a) negligence in failing to address structural degradation or (b) urgent need to consider "beyond design basis events" for these structures (at least beyond what had been historically observed up to the time of construction) heightened awareness. It is not only the scientific challenges that the study of these non-linearly behaving structures present but also the need to identify the structural deficiencies and apply the most appropriate restoration.
In the last couple of decades experimental and numerical studies on masonry stone bridges have been performed to address both the ageing as well as the impact of vehicle or rail traffic both of which were not accounted for in the original construction. T. Akoi and co-workers [3] studied the Rakanji Bridge in Japan. Most relevant in this study is the fact that study conducted both stone and mortar tests establishing a good basis of analysis and material properties. Both micro-tremor measurement by ambient vibrations and acceleration by traffic vibrations were measured. Laboratory tests on similar materials to those of the bridge were conducted to establish the Young's modulus and compressive strength of the stone and the mortar. A number of historic stone arched bridges around Japan were studied by J. Kiyono and his coworkers [4] . In their all numerical study the dynamic behavior of several stone arched bridges were simulated using the 3-dimentional Distinct Element Method. Actual earthquake ground motions observed during the 1995 Hyogo-ken Nanbu earthquake were used in their study in conjunction with impulse waves to determine the modal characteristics and their collapse potential. B. Sevim and co-workers [5] conducted studies of arch bridges in Turkey where ambient vibration data were utilized to calibrate numerical models which subsequently were used to conduct linear earthquake analyses and assess the behavior of the bridges resulting from the excitation by the 1992 Erzincan Earthquake and address the importance of the model calibration process guided by actual field data. Numerical studies on the seismic behavior of the Konitsa Bridge (on the Aoos River near the city of Konitsa) which was build based on same principles and around the same time with Plaka Bridge were recently performed [6] . Addressing the effectiveness of restoration methodologies and options such as reinforcing concrete and/or pre-stressed steel jacket were evaluated base on numerical analysis.
Numerical studies of bridges and other stone and concrete structures of historical value have been performed in [8] [9] [10] [11] [12] . In these studies numerical techniques addressing the interaction of mortar and stone blocks or block-block non-linear contact were also explored. Specifically, B. O. Caglayan and co-workers [8] integrated a 3-D finite element analysis with in-situ acceleration measurements to study a long concrete arch bridge located in an earthquake-prone region of Turkey. Their calibrated bridge model was generated based on test results and numerical analysis was used in the structural capacity and 424 vulnerability assessment of the bridge structure. G.A. Drosopoulos [9] and co-workers studied the ultimate failure load of stone arch bridges based on 2-D, plane strain finite element analysis which included interfaces, simulation of cracks, unilateral friction contacts and the implementation of a pathfollowing technique to estimate the ultimate load. Studies of other important masonry stone structures throughout Greece and relevant data bases are presented in [10] [11] [12] . Roman bridges are discussed in [13] and stone masonry bridges around Greece in [14] [15] .
The primary objective of this study is to identify, via a high fidelity numerical simulation representing the Plaka Bridge as a 3-D structure non-linear system and as close to its pre-collapse geometry as possible as well as acquiring representative structural material properties by testing elements of the structure itself, the most probable scenario of a "weak link" on the structure that led to its collapse during the "beyond design basis event". The underlying driver is, by corroborating the simulated collapse with actual evidence from the post-collapsed bridge, to hopefully identify the most-likely "weak link" and use the study as a guide/recommendation during the rebuilding phase of the bridge.
While a number of different scenarios of "weak links" in the structure were explored, the scenario of the of the undermining of the central pier structural integrity and in particular the experiencing of large displacements due to flood-induced degradation of its support on the river bed is presented in detail in this paper. This scenario and the subsequent collapse process was shown to be closest to the post-collapse field observations.
2.
Plaka Bridge Location and Structural Characteristics
Location and Structural Details
The Plaka Bridge depicted in figure 13 , one of the most spectacular stone masonry bridges was built in 1866 by the chief mason Kostas Mpekas and survived till January 2015 despite the structural damage that suffered during the World War II. It collapsed on the 2nd of February 2015 again from flooding of Arachtos River (Figures 14 and 15 ). The span of the main central arch was equal to 40m rising at a height of 20m. The total length of this bridge was over 60m and the width of the deck at mid-span of the central arch 3.20m.
As can be seen in Figure 3 , a secondary arch is constructed at the right side of the main arch resulting in a mid-pier that is founded on the river bed. Moreover, a large arch shape opening is present at the left abutment with its foundation being also partly supported on the river bed. The presence of these two openings (right secondary arch and the left relief) was apparently insufficient to relieve the pressure load and protect the structure from the forces caused by this unprecedented flood.
What is important to note that updates of the original bridge shown in Figure 1 (left) introduced a more substantial parapet which add significant load to the structure which becomes top-heavy. It is a practice that has affected numerous such stone bridges without the consequences have been assessed properly.
Also to be noted in Figure 2 are the ties (or keys) that have been introduced on the primary arch only with a specific pattern. Reference to this point will be made later in the analysis. 
Material properties and Laboratory Tests
Construction material properties for the Plaka Bridge and other similar structures are expected to vary from region to region due to the inherent variability in the physical properties of the natural materials used from the immediate locality. Such variability will impact primarily the mortar used (composition, weathering, mechanical properties, etc.).
A laboratory testing sequence was performed with the objective to identify the mechanical characteristics of the basic materials representative of the materials employed to build stone masonry bridges in the general area. For this purpose, stone samples were selected from the vicinity of the collapsed Plaka Bridge and analyzed. Most importantly, it was facilitated that a mortar sample from the collapsed Plaka Bridge be taken to the laboratory for testing. From both the stone and mortar samples collected in-situ it was possible to form specimens of regular prismatic geometry. These specimens were subjected to either axial compression or four-point bending tests. For the compression tests the loaded surfaces of the prisms were properly cupped. Figure 6 depicts typical loading arrangements employed for the compression (stone and mortar specimens) tests employed for the Plaka Bridge samples. The applied load was measured through a load cell and the deformation of the tested specimens was measured employing a combination of displacement sensors as well as a number of strain gauges. These measurements were continuously recorded with a sampling frequency of 10Hz. Through these measurements, the mechanical characteristics of the tested specimens were obtained in terms of compressive strength, flexural tensile strength, Young's modulus of elasticity and Poisson's ratio. The obtained values of these mechanical parameters are listed in Tables 1-3 . 
Finite element-based Simulation of Collapse of Plaka Bridge
Mechanical property values obtained from the stone and mortar sample tests revealed the following: The Young's modulus of the stone samples in axial compression has a value exceeding 40GPa whereas they yield a much less stiff behavior in flexure. It is well known that the complex tri-axial behavior of masonry cannot be easily approximated from the mechanical behavior of its constituents. For the studied stone masonry bridges this becomes even more difficult considering the various construction stages, the variability of the materials employed to form the distinct parts during these construction stages and the interconnection and contact conditions between the various parts formed during these construction stages (abutments, primary and secondary arch, deck, parapets, mandrel walls). Moreover, there is important information that is needed in order to form with some realism the boundary conditions at the river bed and bank. The lack of specific studies towards clarifying in a systematic way all these uncertainties represents a serious limitation in the numerical simulation process.
To enable damage/collapse of the Plaka Bridge associated with large deformations and separation of individual elements or whole sections a non-linear, 3D finite element model was developed and utilized. The nonlinearities introduced in the model captured both the material behavior and the interfaces between the different sections of the bridge (i.e. contact surfaces between primary and secondary arches, primary and secondary arch ends and foundation blocks, mandrel walls and secondary arch, etc.). Surface-tosurface and nodes-to-surface contact non-linear relations with possibility of separation were introduced at the interfaces between the various parts. Normal to the interface stresses and shear stresses (or forces in the case of nodes-to-surface contact) form the failure envelope governed by the relation
With σ normal and τ shear being the normal and shear stresses at the interface. This aims to represent the behavior and failure characteristics of the mortar between the parts. Following failure at the interface the parts will continue to be in contact acted upon compressive loads and will move apart under tensile loads.
The elements within each section utilized to discretize the volume are distinct and represented stone and mortar in a single element, in other words no block-to-block contact was implemented for the Plaka Bridge for this study due to the size of the problem and the excessive computational cost. Alternatively, mortar-stone was represented by "hybrid" element behavior in an effort to account for the role the mortar plays on the response of the structure and in particular when parts of the structure are experiencing tension and mortar representing the weakest link in the structure. The mortar-stone material was assumed to behave like "pseudo-concrete" according to the Winfrith model [16] . It is controlled by compressive and tensile strength as well as fracture energy and aggregate size. The compressive strength is considered to be controlled by the stone portion of the hybrid element (30 MPa) and the tensile strength by that of the mortar. The range of the tensile strength assumed in this study for the different sections of the Plaka Bridge is 0.25-2.1 MPa. The fracture energy (FE) assumed in the analysis dissipated in the opening of a tension crack was FE=80 N/m. Upon formation of a tension crack no tensile load can be transferred across the crack faces. An additional failure criterion controlling the detachment of elements from the structure was introduced based on pressure (negative in tension). This criterion is used to simulate the behavior of mortar in the hybrid element which is considered to fail when the negative pressure exceeds a critical value. The pressure threshold assumed in the study was 1.1 MPa.
Figure 7:
Global FEM representation of the Plaka Bridge (upstream side) at left and section details of the central pier. Figure 7 depicts the modeled Plaka Bridge in 3-D along with details of the different sections that made up the structure. Interface (contact) conditions such as the one above control the structural continuity. These contact interfaces and their failure are controlled by the mortar between the distinct elements. Several failure conditions are available and have been explored in the study. The uncertainties surrounding the state of the mortar and its failure behavior can only be treated, however, with sensitivity studies that are computationally costly. While individual stones comprising the various parts of the bridge (arches, pier, walls, etc.) are not used but rather the combined behavior of the stone and mortar making the finite element mesh (tensile failure controlled by mortar), the distinct parts of the bridge were made out of different segments between which contact conditions (or mortar behavior) control the deformation or failure. Experience has shown (including the Plaka Bridge) that these structures fail in large sections rather individual stones and so the adopted assumption is realistic. For example, the primary arch was represented by twelve (12) different segments connected together with each connection or interface capable of failing or separating under shear or tension (assumed failure criteria for mortar).
Details of the refined FE mesh used to represent the Plaka Bridge are shown in Figure 8 .The general finite element mesh-generation software True-Grid [17] and non-linear analysis software LS-DYNA [16] (capable of analyzing static, modal, and earthquake loadings) were employed. 
Hydrodynamic Loads
To estimate the hydrodynamic forces on the bridge pier a flow velocity of 8 m/sec has been assumed. The Reynold's number R applicable for the pier hydrodynamic forces is ~4. 9 10 7 . Based on this estimate of R it is expected that a boundary layer around the pier will form with the flow (free stream approach velocity) separating at the corners of the pier. Drag forces in the direction of the flow and lift forces acting vertically upwards (combination of buoyancy force VOL submerged_PIER * ρ) C L is assumed to be ~0.81.
Impact forces generated by moving boulders and impacting the pier have not been considered. Such impact forced can be significant. 
Plaka Bridge Gravity Analysis
Using only gravity loads the Plaka Bridge was analyzed during the first phase of the two-step process. The gravity analysis is a quasi-static one where the structure stabilizes with the help of artificially high global damping. Following the numerical stabilization the phase II was initiated with the application of the hydrodynamic loads using the restart capabilities of the adopted code (LS-DYNA). Figure 10 depicts the boundary conditions for the gravity analysis. Specifically, the bottoms of the central pier as well as the two abutments were assumed fixed on competent rock. The gravity analysis revealed areas of distress as shown in Figure 12 as well as a confirmation of the need for special ties used in the primary arch. (a) Figure 13 : Horizontal stress distribution in the two arches (primary and secondary). The special ties (keys) shown in (a) tend to confirm the need to mitigate forces acting on the primary arch. No such keys are apparently necessary for the secondary arch (as also shown in (a)).
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Plaka Bridge 3D Failure Analysis
Hydrodynamic forces (drag and lift) were distributed on the surfaces up to the level shown in Figure 9 . Negative pressure was also assumed (for conservatism) on the downstream face of the central pier.
For the base of the pier, which was assumed to be founded on rock), during Phase II failure conditions were introduced that allowed the bottom of the pier to displace following when the failure conditions with the increasing hydrodynamic loads is met. The hydrodynamic loads built up to the maximum flow assumed and then remained steady. Fixed boundary conditions were assumed for the abutments during Phase II (gravity + flow loads). It was assumed that the river bed was scoured by the flow, exposing the central pier to water flow and pressure all the way to the assumed basement rock.
Shown in Figures 14 and 15 are the early stages of the large deformations exhibited by the Plaka Bridge due to the flood loads. In Figure 14 , the separation of large segments of the RHS of the primary arch is observed as the upper structure begins to move in the direction of the flow. Figure 15 (left) a zone of high shear stresses are shown on the LHS of the primary arch and near where the arch structure actually separated from the left abutment (see Figure 3 ). Figure 15 (right) depicts the large deformation experienced by the lower part of the central pier. While in the postulated failure scenario the base of the pier was intentionally undermined, segments above the base block also begin to move downstream. The deformation of the primary arch in the early stages of the postulated collapse scenario is shown in Figure 16 . Specifically, the evolution of the displacements at locations on the LHS of the arch is shown in Fig. 16 (left) . Important to note is the fluctuation of the direction of the arch movement between positive (direction of flow) and negative (upstream). The large displacements of the central pier blocks are also shown in Fig. 16 (right) . The rapid fracture occurring in the LHS of the primary arch is depicted in Figures 17 (a-d) . Figure 17a depicts the high shear stresses developed on the downstream side of the location and Figure 17b the opening of arch. Important to note is the failure at the location is initiated on the downstream side which indicates that the apex section of the arch exhibits the tendency to move against the flow. The state of the structure just prior to the complete collapse and the displacement profile on the LHS of the arch structure where the failure surface has been observed is shown in Figure 22 . The displacement indicator up/dn implies displacement in the direction of the flow (dn) and opposite to the flow (up). Delineated is the segment of the secondary arch repaired after the World War II bombing using concrete, 437 a detail accounted for in the finite element analysis as a potentially influencing parameter when designing failure scenarios. 
Summary and Conclusions
A 3D, non-linear finite element representation of the Plaka Bridge was utilized to analyze its February 2, 2015 collapse from unprecedented floods. The two-phase analysis assessed the structure prior to its collapse under gravity loads and simulated a flood load scenario to identify the most-likely cause of the collapse. The structural characteristics and geometry were all accounted for in the numerical representation of the bridge. Material properties for the local stone and the mortar used were deduced from laboratory tests made on actual materials retrieved from the collapsed bridge.
Several scenarios encompassing uncertainties that existed regarding (a) the structural health of bridge prior to the collapse (weakened sections of the arch structure), (b) the conditions at the base of the central pier (competent rock or gravel) and (c) the flow water level were postulated and analyzed. The scenario of the degraded central pier base support (equivalent to the scenario of a weakened pier section above the base) is presented in detail in this paper. This scenario was deemed to be the most likely that has triggered the failure based on the numerical analysis results that seem to corroborate the post failure available evidence. Key, post collapse evidence is summarized in the photographs of Figure 23 . Specifically, the following important observations are made based on Figure 23 :
The failure at section A (LHS) appears to have occurred suddenly (as it is evident from the smooth failure surface of the primary and secondary arches). A second important point at A (shown in Fig. 23 middle) is the failure surface of the parapet and filling wall. This indicates that the arch section at the LHS location actually separated and fell upstream. Figure 23 (right) depicts the orientation of a large segment of the RHS arch structure and wall that was supported by the central pier. The toppling of this large block in the opposite direction than the flow indicates significant rotation resulted from the large displacement of the pier blocks below in the direction of the flood flow.
The numerical analysis and the failure scenario postulated and presented in detail tend to support and corroborate the above evidence regarding the triggering of the collapse and the most-likely cause. It is therefore assessed by the authors, based on the post-collapse evidence and the simulated scenario results, that the likely cause was the undermining by the flood (scouring of the river bed and hydrodynamic loads) of the central pier.
Figure 23: Photographic evidence of Plaka Bridge collapse
In addressing the question whether the collapse was preventable through better engineering interventions and maintenance, or that the historic Plaka Bridge was doomed facing this "beyond design basis event" the latter seems to be the most appropriate answer. No maintenance of the superstructure could have prevented its collapse.
The limitation exhibited by the structural materials in enabling the spanning of the river bed with a single arch, forced the builders to use the central pier which was founded on the river bed. Serious uncertainties exist regarding the competence of the foundation and the depth. The combination of the removal of earth pressure on the pier base due to the excessive flood waters and the undermining of the pier support combined with high hydrodynamic loads is believed to be the likely cause of collapse stemming from the location of the central pier. It is the recommendation of the authors that during the reconstruction of the bridge, the exploration of the subsurface and the presence (or not) of competent rock beneath the river bed be fully assessed.
